The powertrain system in electric vehicle delivers the energy from the hybrid energy storage system (HESS) to wheels, during which the energy transforms between electricity and mechanical energy. The powertrain system determines the energy conversion efficiency of the HESS. Necessary investigation on the powertrain system should be done before further study on the HESS. The dynamic model of the powertrain system is established and validated both in Psim and Matlab/Simulink software. The control strategy of the traction motor of the powertrain system is verified in virtual vehicular environment firstly. The control approach is implemented on a dSPACE-based hardware-in-the-loop (HIL) test bench for real-time control. The simulation and experimental data both demonstrate the velocity trajectory of the drive cycles are exactly tracked. The efficiency of powertrain system is also investigated. The work in this paper provides solid foundation for further study on power split of the HESS.
Introduction
Owing to the air pollution increase and fossil energy resource shortage, a large number of researchers and automotive manufacturers have turned their interest from gasoline-powered vehicles to low-consumption vehicles (Ehsani et al., 2010) .Therefore, electric vehicles (EVs) that possess little greenhouse-gas emission have been considered as a promising solution for automotive industry in the future (Juul and Meibom, 2012) .
Energy storage device is a key component of EVs. As a prevailing energy storage device, the battery has a high specific energy but low specific power. On the contrary, the ultra-capacitor has higher specific power and lower specific energy. No single energy storage device can satisfy both specific power and specific energy demands for EVs (Bradbury et al., 2014; Kuperman and Aharon, 2011) . However, a hybridisation of the battery and the ultra-capacitor can overcome the aforementioned problem (Shah et al., 2012; Yu et al., 2011) . Both high specific energy and high specific power can be achieved by the combination, which is called hybrid energy storage system (HESS).
Several different approaches in designing HESS are studied and implemented to achieve the hybridisation of high power density and high energy density, which can be an effective solution to battery life span extension. The HESS prototype, in this study, is composed by a lithium-ion battery, presented as the main power source and an ultracapacitor, involved in traction and regenerative braking as the auxiliary source (Cheng et al., 2008) . The ultra-capacitor is utilised to extend the life span of lithium-ion battery during severe braking, during which the electrical energy could be harvested by ultra-capacitor owing to its high power density property. The safety and reliability of EVs greatly depends on the performance of HESS.
In order to evaluate the performance of HESS before the employment on a real vehicle, it is necessary to study the investigation in a preliminary way. The hardware-in-the-loop (HIL) test bench employed as the virtual prototype of EVs is becoming more and more useful in automotive industries (Thounthong et al., 2009) . HIL test bench can not only match and optimise the parameters of energy management system, but also validate the effectiveness of control strategy for powersplit. Eren et al. (2009) , Erdinc et al. (2009) and Vural et al. (2010) established a HIL-based test bench, which is comprises a brushless DC motor and a dynamometer, to reveal the power performance of HESS. Wong and Idris (2011) designed an experimental bench, consisting of a DC motor, a generator and a coupler, to test the energy management methodologies, where the DC motor and the generator were linked by the coupler. In this structure, the DC motor and generator were used as the drive motor and load motor, respectively. Bouscayrol (2008) built a HIL test bench composed of a DC motor and an induction motor. HESS performance was tested through implementing the torque control on load motor. Ozbek (2010) constructed a test bench constituting a drive motor and a load motor and succeeded in testing the performance of a composite power supply composed by a fuel cell and an ultra-capacitor. Yu (2008) built a test platform to test the state of charge (SOC) of HESS. He et al. (2013) developed a HIL test bed based on CAN bus. Electric load worked as the load. The ultra-capacitor helped the battery to avoid being affected by large current in HESS performance testing.
Most of the researches mentioned above mainly focused on the energy management strategy of the HESS and the test bench was introduced as the assistant device (Huang et al., 2016 (Huang et al., , 2017b (Huang et al., , 2017c Pan et al., 2017; Song et al., 2014 Song et al., , 2015 Su and Chow, 2012; Yu et al., 2011) . For the powertrain system of the test bench which works as a vehicle simulator, there was not much deep study (Sun et al., 2017) . However, it is worth studying since the modelling methodology and the tracking precision of the powertrain system on the test bench have great effect on the performance of HESS testing.
Therefore, in this paper, the powertrain system on the test bench supposed to evaluate the performance of HESS was deeply investigated. Hence, this study mainly focuses on the theoretical analysis and experimental validation of the powertrain system on the realtime HIL test bench, in which powertrain modelling and control approach under NYCC and HWFET drive cycles is specially and systematically investigated to provide a solid foundation for HESS performance testing.
The organisation of this paper is as follows. The vehicle powertrain configuration is described in Section 2. The mathematics model of the powertrain system is discussed in Section 3. The control approach of traction motor and simulation results, in Section 4, are presented in detail. In Section 5, the HIL test bench is implemented and the test results are presented and discussed. Section 6 is devoted to the conclusions of the work.
Vehicle powertrain configuration

Vehicle powertrain discretion
In this study, a two-passenger EV manufactured by ZENN motor company is chosen as the application case. Owing to its simplicity of powertrain components, it is easy to get the mathematical model of ZENN car. Although the car is powered by lead-acid battery at the current time, the battery will be replaced with HESS finally. Then, HESS performance will be evaluated on ZENN car. However, HIL plays an essential role in improving the safety and control system correctness before the implementation on a real vehicle (Sung, 2005) . A HIL test bench will be established to simulate and achieve the basic functions of a real car, which provides a virtual vehicle environment in the lab and brings lots of convenience for virtual testing (He et al., 2016) . HESS should be validated firstly on a HIL platform and then on ZENN car. Hence, a suitable real-time HIL test bench is required. The powertrain configuration is shown as Figure 1 . The powertrain of ZENN car consists of a HESS, a traction motor/generator, a transmission, a differential. The traction motor is powered by HESS and couples the input shaft of the transmission. The output shaft of transmission is directly connected to the differential. As is shown in Figure 1 , the fully active HESS comprises a lithium-ion battery, ultra-capacitor, bi-directional buck/boost DC/DC converter and auxiliary circuits; it is flexible and can achieve best control effect (Zhuge, 2013) .
The technical parameters of the real vehicle are listed in Table 1 , including the structure, traction motor system and dynamics parameters. The proposed HIL test bench will be modelled based on the parameters in Table 1 . 
Vehicle model
As is described in the above, the traction force produced by HESS is transferred via the transmission to the wheels. The traction force is required to overcome the resistance on the road and drive the vehicle. The total power demand to drive the vehicle could be calculated using the vehicle dynamic equitation in longitudinal direction, as written in equation (1):
where n is the traction motor speed, v w is wind velocity, v is vehicle velocity, D is wheel diameter, k is transmission gear ratio.
Drive cycle
In order that the powertrain system on the test bench could be operated under different drive cycles, the HWFET and NYCC drive cycles are selected as the reference cycles to simulate the road condition for testing. The two drive cycles used as the reference signals for the speed control system of the traction motor contain information of motor speed for the drive cycle interval, the specific characteristics of which are shown in Table 2 . However, the two drive cycles are scaled down by the coefficient of 2.4 for HWFET and 1.1 for NYCC respectively to accommodate the maximum speed of ZENN car, leading to a 40 km/h maximum velocity drive cycle. Furthermore, the down-scaled drive cycle is converter to the traction motor speed by equation (2) The speed data in Figure 2 is used to calculate the torque demand and power demand of the traction motor. The total power demands of the HWFET and NYCC drive cycles are shown in Figure 3 .
Moreover, the speed data in the above-mentioned two drive cycles will be presented in the lookup table in MATLAB/Simulink, which will be followed as the input speed signal of the traction motor. The angular acceleration curves of two different drive cycles are presented in Figure 4 . 3 Model description of the powertrain system
Powertrain system architecture
The architecture of powertrain system on the real-time HIL test bench, including energy source, drive motor, transmission and load simulator, is illustrated in Figure 5 . The drive motor presented in Figure 5 is used to emulate the traction motor in EVs. A separated excited DC motor is employed as the drive motor. Speed control is implemented on the DC motor to make the shaft speed follow the speed reference dictated by the drive cycle. Generally, the gear box, transmission box and CVT are widely used as transmission devices. The transmission ratio of gear box and transmission box cannot be changed continuously due to the fixed ratio. CVT is the ideal transmission device with small volume and continuous variable ratio. Therefore, CVT is the best choice as the transmission device. Hence, a CVT is employed to emulate the transmission system, which is connected directly to the output shaft of the traction motor.
A flywheel is applied as the load to emulate the mass, fraction and moment of inertia while a car is operating on road. The parameters of the traction motor, CVT and flywheel are shown in Table 3 . The parameters of flywheel are described in Table 3 . 
CVT:
Maxmium ratio 3.5
Minimium ratio 0.5
Flywheel:
Mass 90 The traction motor, CVT, flywheel and the whole powertrain system are modelled respectively in the following.
Traction motor model
The traction motors utilised in the powertrain system of the test bench should operate in both motor and regenerative braking (generator) mode in this study (Li et al., 2014; Zeraoulia et al., 2006; Ni et al., 2007) . 
where η DC/DC is the efficiency of DC/DC converter, η mot is the efficiency of traction motor, η trs is the efficiency of transmission system, η brk is the average efficiency during the regenerative braking process.
CVT model
The toroidal CVT installed between the traction motor and flywheel is propelled by the output torque of traction motor. Assuming the CVT efficiency is η CVT (T o , ω o , i CVT ) due to the mechanical power loss, the input torque and output torque of CVT can be expressed as:
1 Acceleration and cruise mode
2 Regenerative braking mode
The hydraulic loss and mechanical loss mainly contribute to the total power loss of CVT, which can be written as:
where p o is the pressure forced on the output pulley of CVT, Q is the volume of oil pump, T im,loss is the torque loss of input pulley of CVT, T om,loss is the torque loss of output pulley of CVT, ω i is angular velocity of input shaft of transmission device, ω o is the angular velocity on the output shaft of transmission device.
Flywheel model
The energy that the flywheel connected directly to the CVT delivers or obtains can be expressed as:
The traction motor delivers the torque which accelerates the flywheel from a low speed to a high speed via the CVT, indicating the power capacity of the flywheel depends on that of the traction motor. The acceleration time t can be expressed as:
where ω 0 is the low speed of flywheel, ω b is the base speed of flywheel, ω max is a high speed of flywheel. The effective operating speed range of the flywheel should coincide with the constant power region of the traction motor. The demand power of the traction motor can be minimised as:
Powertrain system model
The schematic of the powertrain system on the HIL test bench is shown as Figure 6 . where T i is the torque on the input shaft of CVT, T o is the torque on the output shaft of CVT, f i is the resistance of input shaft of CVT, f o is the resistance of output shaft of CVT, fm is the resistance of traction motor, f f is the resistance of flywheel, i is the transmission ratio of CVT. The proposed test bench, obviously, is a multi-shaft electromechanical transmission system. In order to reduce the calculation, some nonlinear factors of the system, like mechanical friction between the motor shaft and the coupler, frictional loss of CVT, friction between the flywheel shaft and the coupler, should be neglected to simplify the original powertrain system. The moment of inertia of load should be converted to an equivalent moment of inertia on the traction motor shaft according to the law of system energy conservation before and after the equivalent (Haddoun et al., 2007; Li et al., 2017) .
The kinetic energy of the system based on the law of energy conservation is presented as:
where J L is the moment of inertia of the system. That is the equivalent moment of inertia on the traction motor shaft after improvement. The value of ω i equals that of ω m . The value of ω o equals that of ω f . J i is the moment of inertia on the input shaft of transmission device. Jo is the moment of inertia on output shaft of transmission device. The transmission ratio i which changes with time was given by the following equation:
Inserting equation (12) into equation (11), the equivalent moment of inertia J L will be:
The electromagnetic torque T e of the traction motor can be expressed by the following relation:
where T r is the damp torque of the flywheel, k f is the damping coefficient of the flywheel, which can be ignored for facilitating calculation. In order to make the traction motor work in good condition under the aforementioned two drive cycles, the traction motor electromagnetic torque T e should be written as:
According to lumped mass method, the moment of inertia of traction motor can be converted to the equivalent moment of inertia on the input shaft of CVT and the moment of inertia of flywheel can also be converted to the equivalent moment of inertia on the output shaft of CVT. The proposed test bench could be simplified into a system with two rotating mass. One of the rotating mass is input shaft of CVT, the other is output shaft of CVT (Miller, 2005; Sheu and Hsu, 2006; Zhou et al., 2007) . The equations of input and output shaft of CVT are presented as follows:
The relationship between T i and T o is:
The derivative of equation (11) is expressed as:
Integrating equation (18), equation (19), equation (20) and equation (21), the electromagnetic torque is shown as follows:
Speed control system of traction motor
This section mainly focuses on the design and control strategy research of the speed loop.
Speed control loop
The ultimate goal in the traction motor control system is to make the output speed follow the reference speed. The speed and current double closed loop regulation system with good static and dynamic characteristics is implemented on the traction motor. The speed loop has greater effect on the speed control system compared to the current loop. An integration element must be put between the automatic speed regular (ASR) and load disturbance point to achieve zero static error in speed. There are two integration elements in the transfer function of speed open loop. The speed loop is designed as order-2 system (Ruan and Chen, 2010) . The dynamic chart of speed loop is shown in Figure 7 . Figure 7 , α is the feedback coefficient in speed, β is feedback coefficient in current, T oi is time constant of feedback current, T on is time constant of feedback speed, T l is time constant of electromagnetic in armature circuit, T s is peak time, Tm is electromechanical time constant, I dL is load current, T Σi is the sum of time constant in current loop, K s is amplification coefficient of PWM and R a is resistance of armature circuit.
As is mentioned before, the motor controller is used to emulate the driver who does the acceleration and deceleration operations to make the vehicle track the drive cycle in this study. Generally speaking, PID control has been widely applied in industrial fields due to its reliability, easy realisation and good stability. However, it also has some shortcomings, for example, a sudden interrupt will lead to overshoot, the differentiator can not be physically implemented and integral saturation will bring unexpected side effects. The above mentioned inherent deficiencies of PID control herald low accuracy and bad robustness in complex control system.
Fuzzy-PI controller
Fuzzy-PI control scheme
Compared with PID control, fuzzy control has better dynamic characteristic and higher precision. In order to take the advantages of PID control and fuzzy control, the fuzzy-PI control strategy is proposed in this study to replace the single PID control (Zhou et al., 2016; Song et al., 2017) . The proposed fuzzy-PI controller has both good static and dynamic characteristics. There is a switch inside this controller. The chart of fuzzy-PI double mode control system is shown in Figure 8 . Fuzzy control will be selected to get good dynamic characteristic when the system error is large. PI control will be selected to obtain good static characteristic when the system error is small. 
Fuzzy logic design
Order-2 fuzzy controller is applied in speed control system to obtain high tracking precision (Shouten et al., 2002; Liu et al., 2005) . The chart of fuzzy controller is shown in Figure 9 . The linguistic values in the fuzzy inference system are defined as negative-big, negative-middle, negative-small, zero, positive-small, positive-middle and positive big, respectively. In order to simplify the linguistic description, NB is used to represent negative-big. Similarly, NM represents negative-middle, NS represents negative-small, Z represents zero, PS represents positive-small, PM represents positive-middle, PB represents positive-big. • IF speed error is NB and speed error differential is NB THEN output is NB
• IF speed error is NM and speed error differential is NB THEN output is NB
• IF speed error is NS and speed error differential is NB THEN output is NS
• …
• IF speed error is PB and speed error differential is PB THEN output is PB.
The fuzzy rules are shown in Table 4 . Table 4 Fuzzy rules
Each membership from domain EEC to U could be gained based on every rule according to Mamdani minimax reasoning. The transfer surface of the controller will be gained by combing the matrix representation of 42 individual rules into one matrix, shown as:
The resulting output surface of FIS is illustrated in Figure 11 , which provides a nonlinear relationship between the speed error, the change rate of speed error and the output of the proposed fuzzy controller. 
PI controller design
The Ziegler-Nichols rule for tuning parameters of PID controller has been influential in the industrial field. Ziegler-Nichols developed the tuning rules by simulating a large amount of different processes and correlating the parameters with features of the step response. The Ziegler-Nichlos rule for tuning a PI assumes the plant to have an S-shaped step response shown as Figure 12 . As is shown in Figure 12 , L is the delay, T is time constant. The overshoot will be reduced due to the nonlinear saturation characteristics of PI controller in the speed control system. The transfer function of PI controller is shown as:
where K p is the proportional coefficient, T i is the time constant. The parameters of PI controller, such as K p = 1and T i = 0.0001, are obtained by Ziegler-Nichols method in this paper. 
Simulation results of fuzzy-PI controller
The simulation work is done in MATLAB/Simulink and Psim software. The simulation model of fuzzy-PI control system is shown as Figure 13 . It can be seen from Figure 13 the fuzzy-PI control diagram comprises fuzzy controller, PI controller, switch and co-simulation block with Psim, shown as Figure 13 . The mathematical models of powertrain system, including the traction motor model, CVT model and flywheel model, are validated in the Psim software. The fuzzy-PI controller can work at two different modes, fuzzy control and PI control, which depends on the speed system tracking error. When the system error is lower than the set value of the switch, PI controller will work; when the system error equals or is larger than the set value, fuzzy controller will work. The switching threshold is switch block in MATLAB/Simulink in simulation work. In order to improve the trajectory accuracy and decrease the overshooting, the module value of the switch should be less than 3 × 10 -4 . 
HIL powertrain implementation
Real-time HIL powertrain design
A real-time HIL test bench was established to evaluate the HESS performance. To verify the reasonableness of the proposed HIL test bench, a dSPACE-based experimental setup is constructed. The idea was mainly inspired by an existing platform at the University of Waterloo, which contains several essential components of an HEV and EV (Basiri, 2012) . The dSPACE software and hardware system is widely used for modelling and simulation in vehicle dynamics. MATLAB software provides a good solution for rapid prototyping and offers a real-time model of EV. Each component of the proposed powertrain is modelled with MATLAB/Simulink and Control desk software. The HIL powertrain system consists a user PC, a dSPACE hardware, control box and control console, as shown in Figure 15 .
The I/O board, A/D board, D/A board and Encoder board are allowed to be programmed to the aforementioned models using Simulink blocks. Then, executable code will be created and downloaded from the user PC to dSPACE hardware. The flow chart of dSPACE real-time control system is depicted in Fig. 16 . The communication among the user PC, the hardware boards inside the control box and dSPACE hardware is realised via RS 232/485 interface. The I/O board converts signals read by the physical sensor into EV model in the Simulink program. The A/D board transfers analogy signal into digital signal, which can be read by the user PC. The Encoder board is used to converts speed signal of traction motor. The real-time HIL simulation for EVs can be realised based on the above-mentioned components (Huang et al., 2017a) . The dSPACE-based HIL powertrain setup is shown as Figure 17 . 
HIL powertrain experiment setup
In order to verify the validation of the powertrain system model and examine how the HIL experimental setup matches the above-mentioned simulation results, the real-time testing was executed on the test bench. A series of mathematical models of the powertrain setups on the test bench were built and modified in the MATLAB/Simulink environment.
Transmission efficiency test
Generally, the power losses in the CVT accounts for a large proportion of the total power losses in the powertrain system of the test bench. Hence, a second investigation was done to obtain the CVT transmission efficiency which greatly affects the regenerative braking efficiency during the whole drive cycle. The power losses in a CVT could be grouped into three main factors: frictional coefficient, belt material hysteresis and belt engagement and disengagement from the pulleys. As is stated, the sliding losses mainly contribute to the total power losses in CVT. In order to evaluate the sliding losses in the CVT transmission accurately, three experiments were carried out at different transmission ratio: 1.0, 1.5, 2.5 and 3.5. Several torque acquisitions were obtained at different speeds. A comparison of the experimental data about the primary and secondary pulleys is shown in Table 5 . As is observed in Table 5 , it can be calculated that the average transmission efficiency is approximately 91.83%.
Regenerative braking test
The abovementioned efficiency of CVT in the powertrain system of the test bench greatly affects the energy harvesting during the regenerative braking test. Obviously, the regenerative braking control strategy is crucial to the regeneration efficiency. During the tests, the battery adopted as power source should be fully charged with the SOC at 100% before the test. Once the battery SOC drops to a low value at 30%, the experiment will be terminated. The record data about battery voltage, battery current and battery power during the regenerative braking test is plotted in Figure 18 . As can be observed, the average voltage value is about 24.2 V and the maximum battery voltage is approximately 50 A. During the acceleration processes in the drive cycle, the battery current and traction motor torque are positive, which indicates the energy is delivered from battery to powertrain system. In the decelerations, the regenerative braking function works, leading to negative battery current and motor torque. Hence, negative battery power demonstrates the recovered energy absorbed to the battery. According to Fig. 18 , the total recovered energy during HWFET drive cycle and NYCC drive cycle are 0.031 kWh and 0.025 kWh, respectively. The consumed energy in the HWFET drive cycle and NYCC drive cycle is about 0.38 kWh and 0.32 kWh. Thus, the regenerative braking efficiency of powertrain system during HWFET and NYCC drive cycle are 8.15% and 7.81%, respectively. 
Speed control system test
The main objective of the HIL test bench is to be able to verify the tracking precision of the traction motor speed control system under different control methodologies gained from mathematic model of the real setup. Fuzzy-PI control strategy was implemented on the traction motor to investigate the velocity trajectory of both the HWFET drive cycle and NYCC drive cycle. Figure 19 directly shows the comparison of the actual speed of the traction motor under fuzzy-PI and PID control methods respectively. It could be seen that the feedback speed follows reference speed very well. Although the difference is very small, it is necessary to see the tiny error among two control approaches. The velocity trajectory errors under fuzzy-PI and PID control approaches were exactly shown in Figure 20 , from which we can see that fuzzy-PI control has smaller fluctuation than signal PID control. The higher accuracy obtained under fuzzy-PI approach reflects higher tracking precision of the traction motor speed control system. Thus, the proposed realtime HIL test bench has good dynamic and static performance in speed control, which provides technical supports for HESS performance testing. 
Conclusions
In this paper, a dSPACE-based real-time HIL test bench was constructed for theoretical analysis and control functions verification of the powertrain system. The test bench provides an approach to investigate the mathematical model and the speed control strategy of powertrain system, which consists of a traction motor, CVT and flywheel. A simplified dynamic model of the powertrain system was established and validated in both Psim and MATLAB/Simulink software. The HIL experimental data illustrated that the control strategy of the traction motor was reasonable and the given two drive cycles could be tracked accurately with fuzzy-PI control approach. The transmission efficiencies of the powertrain system and the regenerative braking were evaluated over the drive cycle. The recovered energy is 7.81% under NYCC drive cycle and 8.15% under HWFET drive cycle, respectively. All of these results prove the powertrain system on the HIL test bench is qualified to test the performance of HESS. The investigation in this paper provides solid foundation for HESS performance testing in the future.
